Volado, the gene encoding the Drosophila ␣PS3-integrin, is required for normal short-term memory formation (Grotewiel et al., 1998) , supporting a role for integrins in synaptic modulation mechanisms. We show that the Volado protein (VOL) is localized to central and peripheral larval Drosophila synapses. VOL is strongly concentrated in a subpopulation of synaptic boutons in the CNS neuropil and to a variable subset of synaptic boutons at neuromuscular junctions (NMJs). Mutant morphological and functional synaptic phenotypes were analyzed at the NMJ. 
A recent screen in Drosophila for new learning and memory mutants (Grotewiel et al., 1998 ) added a particularly intriguing new gene, Volado, to the growing list of genes involved in various phases of the learning-to-memory process (Boynton and Tully, 1992; Davis et al., 1995; Davis, 1996; Skoulakis and Davis, 1996; Dubnau and Tully, 1998) . Volado, also known as ␣PS3 (Stark et al., 1997) , encodes two ␣-integrin proteins differing only in their first 63 amino acids (Stark et al., 1997; Grotewiel et al., 1998) . The Volado (VOL) proteins have enriched expression in the adult mushroom bodies (Grotewiel et al., 1998) , synapse-dense brain structures that serve as insect olfactory memory centers and have long been implicated in cAMP signaling-dependent forms of behavioral learning and memory (Davis et al., 1995; Davis, 1996; Dubnau and Tully, 1998) . Viable Volado mutants have a dominant effect on adult olfactory memory, reducing short-term memory (STM) assessed 3-15 min after training by ϳ50%. The mutant STM defect is reversibly rescued by conditional VOL expression just 3 hr before training (Grotewiel et al., 1998) , suggesting a dynamic role for integrins in behavior modulation. These results indicate an exciting new potential role for integrins in mediating persistent changes in synaptic efficacy thought to accompany memory formation.
Integrins function as ␣␤ receptor heterodimers capable of interacting with a variety of extracellular matrix (ECM) and cytoskeletal proteins, mediating cell-cell and cell-ECM adhesion interactions and bidirectional signaling across cell membranes (Hynes, 1992; Diamond and Springer, 1994; Clarke and Brugge, 1995; Jones, 1996) . Cellular studies using peptide inhibitors of integrin-ECM ligand interactions have recently implicated synaptic integrins in rapid (minutes) and reversible consolidation of long-term potentiation (LTP) in the mammalian hippocampus (Bahr et al., 1997; Staubli et al., 1998) , providing evidence that integrins function in long-term physiological plasticity related to learning. Dynamic changes in integrin-dependent adhesive interactions or intracellular signaling activity could mediate alterations in synapse morphology or number, or modulate transmission strength at existing synapses. Synaptic integrins are thus strategically positioned to have roles in both morphological and functional synaptic plasticity mechanisms used in memory formation and stabilization.
To test these models of integrin synaptic function, we have investigated the role of VOL at the Drosophila neuromuscular junction (NMJ), where previous studies have suggested a conserved mechanistic link with plasticity properties of central synapses (Zhong and Wu, 1991; Zhong et al., 1992; Wang et al., 1994; Broadie et al., 1997; Rohrbough et al., 1999) . We examine an allelic series of Volado mutants to assess the role of VOL in regulating synaptic terminal morphology, functional transmission, and plasticity properties, and demonstrate that mutant defects can be conditionally rescued by expression of a Volado transgene. We complement this genetic approach by acutely inhibiting normal integrin function with a peptide containing the Arg-Gly-Asp consensus sequence common to many integrin-binding ECM ligands Grinnell, 1995, 1997; Bahr et al., 1997; Baneres et al., 1998; Graner et al., 1998; Staubli et al., 1998) . Our results suggest that VOL may actively regulate both synaptic architecture and functional transmission properties.
MATERIALS AND METHODS
Drosophila mutant and transgenic stock s. Analysis of the Volado gene structure and transcripts, and construction and analysis of the viable P-element insertion allele (Vol 1 ; ry) and viable excision allele (Vol 2 ; ry), were described previously (Grotewiel et al., 1998) . The same ␣-integrin subunit gene, designated ␣PS3, and transcripts were identified in an independent study (Stark et al., 1997) ; this study also indicated that ␣PS3/ Volado is allelic to scab, previously identified as a dorsal closure mutant (Nusslein-Volhard et al., 1984) . T wo additional putative ␣-integrins with homology to ␣PS3 (currently designated ␣PS4 and ␣PS5) have also recently been identified in the Drosophila genome (FlyBase, 2000) .
The Volado locus is organized into two transcription units, Vol-long (Vol-l) and Vol-short (Vol-s), encoding RNAs of 4.6 and 4.4 kb, respectively (Stark et al., 1997; Grotewiel et al., 1998) . The VOL ␣-integrin proteins (VOL -l and VOL -s) encoded by these transcripts consist of identical 1115 amino acids sequences except for their first 63 amino acids (Grotewiel et al., 1998 (Grotewiel et al., 1998) .
Imprecise excision of the Vol 1 insertion element generated two additional alleles, Vol 3 and Vol 4 , which are homozygous-lethal in larval stages. PCR and sequence analysis of the Volado gene in these two excision mutants reveals that both delete portions of the open reading frame common to both transcripts (exons 2-8). The Vol 3 allele deletes 925 bp of the locus, including all of exon 3 and parts of exons 2 and 4; the deleted region includes the three consensus divalent cation-binding domains essential for integrin f unction. The Vol 4 allele deletes 1640 bp, including the first 118 bp of exon 2 and 1522 bp of the preceding intron. Molecular criteria predict these two mutations to be null alleles.
All fly stocks were maintained at 25°C on standard cornmeal medium supplemented with dry yeast. Balanced stocks carrying the Vol 3 or Vol 4 chromosomes were crossed to yw; Sco/CyO y ϩ flies to generate new balanced Volado mutant strains ( yw; Vol -/CyO y ϩ ). Wild-type (Oregon R), yw and ry control, and Volado mutant flies were transferred daily to fresh tubes for a laying period of Ͻ24 hr. Wild-type (Oregon-R) and lethal Vol mutant animals used for developmental studies of VOL protein expression and synaptic morphology analyses were selected from midembryonic stages [10 hr after egg laying (AEL)], to mature (wandering) third instar stages (ϳ6 d after hatching). Mature third instar larvae were used for all other experiments. Homozygous Vol 3 and Vol 4 larvae were selected at ϳ3 d AEL by the y Ϫ marker and transferred to new tubes for the remainder of development. At late third instar stages, the surviving Vol mutant larvae (10 -20%) rarely exhibit normal wandering behavior, and most are undersized and weak compared to control and viable mutant larvae. We selected the most robust and normal-appearing Vol survivors to avoid including data from animals near lethality; selected animals (6 -7 d AEL) were comparable or slightly smaller in size compared to control larvae.
For conditional rescue experiments, we used the Volado transgene (VS-T3) containing the Volado-short genomic sequence driven by the heat-shock promoter hsp70 (Grotewiel et al., 1998) . This T3 transgene was crossed onto the Vol 3 and Vol 4 mutant second chromosomes by standard crosses and confirmed by PCR (our unpublished results), and the resulting Vol 3 -T3 and Vol 4 -T3 constructs were balanced over C yO GFP. Homozygous Vol 3 -T3 and Vol 4 -T3 larvae were selected at 3 d AEL and transferred to agar plates supplemented with wet yeast or food tubes. Animals were heat-shocked by immersing sealed tubes or plates in a water bath (30 min at 37°C) once per day on days 3-6 AEL, or alternatively, three times over a 36 hr period on days 6 -7 AEL. Vol 3 -T3 and Vol 4 -T3 larvae receiving HS display markedly improved growth, robust movement, and improved viability compared to homozygous Vol 3 and Vol 4 larvae; the majority of heat-shocked Vol 3 -T3 and Vol 4 -T3 animals survive to midpupal stages, and a minority are rescued to adult viability. All physiological recordings were made from heat-shocked Vol 4 -T3 larvae. Again, we observed no significant differences in average transmission amplitude or short-term facilitation properties between larvae receiving either HS treatment, and these results are pooled in Figure 7 , A and B; all results in Figure 7C were obtained from animals given four HS treatments over days 3-6 AEL.
Synaptogmin-GFP and Synaptobrevin-GFP flies were constructed and kindly supplied by Dr. Yong Z hang. Enhanced GFP (catalog #6084 -1; C lontech, Palo Alto, CA) was f used to the C -terminal of synaptotagmin (GenBank accession number M55048) and n-synaptobrevin (GenBank accession number S66686). The f usion constructs were then introduced into Drosophila transformation vector pP{UAST} (FlyBase, 2000) under the control of UAS. Transformants were crossed to elav-GFP or 4G-GFP flies to drive expression pan-neuronally or in a subset of central neurons, respectively. Neurally expressed neuronal Synaptobrevin-GFP (n-Syb GFP) has recently been reported to be normally transported and specifically localized to synaptic vesicle membranes at Drosophila NMJs (Estes et al., 2000) .
Immunohistolog y. Preparations were fixed and immunohistologically stained as reported previously (Broadie and Bate, 1993; Broadie et al., 1995; Rohrbough et al., 1999) . The rabbit polyclonal Volado antibody was raised against the protein C terminus and recognizes both adult VOL isoforms (Grotewiel et al., 1998) . Larvae were dissected along the dorsal midline and secured flat with pins or histoacryl glue in C a 2ϩ -free saline, fixed for 45-75 min with 4% paraformaldehyde in PBS, then washed in PBS-TX (0.1% Triton X-100 in PBS) containing 5 mg /ml BSA. Preparations were then stained overnight at 4°C with rabbit polyclonal anti-Volado (1:50), rat monoclonal anti-Disks-large (DLG; 1:500), or mouse monoclonal anti-cysteine string protein (C SP; 1:100) antibodies, followed by incubation with a biotinylated (Volado, C SP) secondary antibody (1:300 to 1:500) for 2 hr at room temperature. All antibody dilutions were in PBS-TX. Volado and C SP immunostaining was visualized using a Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA) with DAB reaction and NiC l 2 enhancement, as reported previously (Broadie and Bate, 1993; Broadie et al., 1995; Rohrbough et al., 1999) . Preparations were dehydrated with an ethanol series, cleared in Histoclear, mounted in araldite, and visualized with Nomarski optics at 1000ϫ on a Z eiss Axioskop microscope. In fluorescent antibody-labeling experiments for confocal analysis, immunostaining was visualized with fluorescence-conjugated streptavidin (1:500) bound to biotinylated secondary antibody (Volado), or with directly conjugated fluorescent secondary antibodies (DLG, C SP). As controls for the specificity of the Volado antibody, we stained embryos homozygous for a Volado deficiency; additionally, we treated wild-type larvae with rabbit preimmune serum or with anti-rabbit secondary antibody only. No specific staining was observed in these cases.
Optical sections of the C NS and NMJs were collected for analysis on a Bio-Rad (Hercules, CA) MRC 600 confocal microscope. Color images and microscopy figures were constructed and manipulated using Adobe Photoshop software.
NMJ morpholog ical anal ysis. Anti-C SP-stained NMJs in wild-type, yw control, and lethal Vol mutant (Vol 3 and Vol 4 ) larvae were viewed at 1000ϫ on a Z eiss Axioskop microscope. The number of type I terminal branch segments (muscle 4) and synaptic boutons (muscles 4 and 6/7) were counted in both hemisegments of abdominal segment A3 and averaged for each larva. Branches originating directly from the nerve entry point were classified as primary branches, and each subsequent branch fork with at least two boutons defined progressively higher-order (i.e., secondary, tertiary) segments . Average bouton and branch numbers were determined from 12 control larvae and 8 larvae from each mutant strain. Only the principle NMJ formed near the internal center of the muscle and containing type Ib boutons, was analyzed. We observed no significant morphological differences between wild-type OR and yw control animals. Digital images of representative terminals were collected at 400ϫ using a SPOT digital camera and image acquisition software (Z eiss).
Electrophysiolog y. All recordings were made at 18°C from muscle 6 in abdominal segments A3-A4 of freshly dissected third instar larvae, as described previously . T wo electrode voltageclamp recordings were made at a holding potential of Ϫ60 mV with an Axoclamp 2B amplifier (Axon Instruments, Burlingame, CA). Dissections and recordings were made in modified standard Drosophila saline (Jan and Jan, 1976) containing additional sucrose, composed of (in mM): 128 NaC l, 2 KCl, 4 MgCl 2 , 5 trehalose, 70 sucrose, 5 H EPES, and 0.15-1.5 C aC l 2 ; pH-adjusted to 7.1 with NaOH. Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) inhibitory and Gly-Arg-Ala-Asp-Ser-Pro (GR ADSP) control peptides (C albiochem-Novabiochem, San Diego, CA) were initially solubilized at 2 mM in 0.2 mM Ca 2ϩ saline containing 0.02% acetic acid and frozen in ϳ1 ml aliquots. Aliquots were diluted to a final peptide concentration of 0.2 mM in 0.2 mM Ca 2ϩ saline (pH 7.1 Ϯ 0.1) on the day of use. Intracellular electrodes were filled with a 3:1 mixture of 3 M K ϩ acetate:KC l and had resistances of 8 -15 M⍀. Segmental nerves were severed near the C NS to eliminate junctional responses originating from C NS activity, and excitatory junctional currents (EJC s) were evoked by stimulating (0.4 -1 msec) the severed nerve at 0.2-20 Hz frequencies with a suction electrode filled with external saline. Miniature excitatory junctional currents (mEJC s) were recorded at Ϫ60 mV in 0.2 mM Ca 2ϩ saline containing 0.1 g /ml TTX. Currents were filtered (500 -1000 Hz), digitized to disk (5 kHz), and analyzed using pC lamp6 acquisition and analysis hardware and software (Axon Instruments). For continuous recordings of mEJC s, and EJC s in post-tetanic potentiation (P TP) experiments, synaptic currents were detected, and amplitudes were measured as described previously , using event-detection and analysis software (AC SPL OUF) written and provided by Dr. P. Vincent. E xemplar EJC traces were averaged from 5-10 consecutive individual responses, except for the individual events shown in Figures 4 B and 5A. Event averaging and amplitude analysis was performed using pC lamp6 and commercial spreadsheet software.
Statistical analysis was performed using Instat Graphpad software. All data are presented as mean Ϯ SEM unless otherwise indicated.
RESULTS

Volado protein expression at central and peripheral synaptic connections
A role for Volado in memory mechanisms predicts that the VOL protein is expressed at synaptic connections. To investigate neuronal and synaptic VOL expression during development, we stained wild-type embryonic and larval preparations with a polyclonal antibody that recognizes both VOL isoforms (Grotewiel et al., 1998 ; see Materials and Methods). VOL immunostaining is not detected in the nervous system before early second instar (ϳ24 hr after hatching; data not shown), but thereafter VOL protein is detectable both in the CNS and at the NMJ. In the CNS, conventional and confocal microscopy reveals VOL to be consistently and distinctly localized to numerous 0.2-to 2-m-diameter puncta in the ventral nerve cord neuropil (Fig. 1 A) . These puncta, which appear to be synaptic boutons, are distributed primarily throughout a path of 10 -20 m width running the length of the ventral nerve cord (VNC), although the number and specific pattern of distinguishable VOL-positive boutons is variable among individual preparations. In addition, VOL appears to be less distinctly concentrated in the VNC midline ( Fig. 1 A, center panels, B, center left) and occasionally in a few laterally situated neuronal soma ( Fig.  1 B) . We compared VOL expression pattern in the VNC with that of synaptic vesicle GFP-fusion proteins, Synaptotagmin-(Syt) and Synaptobrevin-(Syb) GFP, transgenically expressed pan-neuronally [using a gal4 (elav) driver] or in a neuronal subset [using a gal4 (4G) driver] (Fig. 1 B) . In double-labeled CNS preparations, VOL puncta are always contained within the highly concentrated and broader area of Syt-or Syb-GFP expression in the neuropil ( Fig.  1 B, left and middle), indicating that VOL expression is limited to a small subset of the central neurons and boutons labeled by these two proteins. When expressed in a neuronal subset, both Syt-and Syb-GFP are also observed in densely concentrated puncta and larger aggregate patches, which presumably are individual synapses or synaptic clusters ( Fig. 1 B, right) . These synaptic structures are present in the same neuropil regions as VOL and strongly resemble VOL puncta in their size and distribution, further suggesting that VOL is localized to subsets of synaptic boutons. VOL immunoreactivity is completely absent or only weakly detected in the CNS of third instar Vol 3 and Vol 4 mutants (see below) ( Fig. 1 A, right). Strong VOL immunostaining is also present in the salivary glands, midgut, and dorsal vessel of wild-type embryos; this staining is absent in embryos homozygous for a Volado deficiency (data not shown). Both of these controls indicate specificity of the antibody for the VOL protein.
The VOL protein is also localized to the NMJ throughout late larval development (Fig. 2) . At the majority of NMJs in wild-type larvae, VOL immunostaining in the synaptic terminal is present only at low levels near the limit of detection (Fig. 2 A) . This expression is distinctive compared to that of the other known Drosophila synaptic integrins (␣PS1, ␣PS2, ␤PS), which are strongly concentrated at all large (type Ib and Is) synaptic boutons at the NMJ (Beumer et al., 1999) . However, strong bouton-specific VOL expression is clearly present in a subset of synaptic boutons at NMJs in nearly all third instar larvae (44 of 47 examined; Table 1 ). Localized VOL expression is found in as few as 1-3 boutons, to as many as one or two dozen, of the several dozens to hundreds of synaptic boutons composing the synaptic terminal. VOL is clearly localized to both large type I boutons as well as smaller type II and III boutons at multiple classes of NMJs ( Fig. 2 B,C, Table 1 ). The highest frequency of strong synaptic bouton expression (23%) occurs at the muscle 12/13 NMJ, a complex terminal that receives all three types of innervation (Fig. 2C) ; however, comparable localized expression was observed at all other classes of NMJs examined (Table 1) . At NMJs double-stained against VOL and the presynaptically localized cysteine string protein (CSP), VOL and CSP appear to be colocalized at multiple types of boutons (Fig.  1C) , suggesting that VOL has a primarily presynaptic localization. Thus, as in the CNS, localized VOL expression at the NMJ appears to be restricted to a small and variable subset of synaptic boutons in individual animals at a given time.
These synaptic protein expression characteristics are unique to VOL among the other PS integrins and other known Drosophila synaptic proteins described to date. However, VOL is clearly a highly, if variably, expressed synaptic protein, and a functional role for VOL at synaptic connections is supported by the strong, broadranging synaptic phenotypes observed in Volado mutants, described below.
Morphological synaptic overgrowth at Volado mutant NMJs
The Volado gene encodes two mRNA transcripts (Stark et al., 1997; Grotewiel et al., 1998) , previously designated Vol-long (Vol-l) and Vol-short (Vol-s) (Grotewiel et al., 1998) . Both transcripts are expressed throughout the majority of embryonic and larval development, as well as in adults (Stark et al., 1997; Grotewiel et al., 1998) . The viable Vol 1 and Vol 2 mutant alleles selectively eliminate Vol-l and Vol-s expression, respectively (Grotewiel et al., 1998) . The Vol 3 and Vol 4 alleles were generated by imprecise precision of the P-element inserted into the Volado gene and contain deletions in the Volado coding region predicted to eliminate both VOL protein isoforms (see Materials and Methods). These alleles are thus considered to be either strong hypomorphs or nulls. Homozygous Vol 3 and Vol 4 mutant embryos hatch normally but exhibit increasingly impaired locomotion in larval stages. Most mutant larvae die during second and third instars. Although 10 -20% survive to mature third instar stage (5-6 d after hatching), few pupate and none survive through metamorphosis to adult stages. Vol 3 and Vol 4 mutant embryos show no obvious defects in neuronal pathfinding or synaptogenesis at the NMJ. Likewise, CNS morphology, peripheral nerve branching, neuromuscular patterning, and number and distribution of NMJs all appear normal in the mutant larvae at hatching (data not shown). However, beginning in the mid-second instar (ϳ30 hr after hatching), Vol 3 and Vol 4 NMJs exhibit morphological overgrowth in several respects compared to normal. At two NMJs (6/7 and 4) analyzed in third instar larvae, mutant terminals are significantly enlarged and overgrown, exhibiting 60 -100% more synaptic terminal branches and 30 -40% more synaptic boutons than NMJs in control larvae (Fig.  3) . These results suggest that VOL has a role in limiting morphological synaptic terminal growth at most, if not all NMJs despite its limited localization in most terminals at a given time. (Fig. 4 A,C) , as well as normal responses to higher frequency stimulation (10 -20 Hz; data not shown). However, as external Ca 2ϩ concentration is progressively reduced (Ͻ0.5 mM), EJC amplitudes display greater variability among mutant larvae and larger overall mean amplitudes (Fig. 4 A-C) . In 0.2 mM Ca 2ϩ , the elevated transmission is least pronounced for Vol 2 animals, but highly significant for the Vol 1 , Vol 3 , and Vol 4 alleles ( p Ͻ 0.01, ANOVA and Dunn's multiple comparisons test), which each have threefold to fourfold larger EJC amplitudes on average than control larvae (Fig. 4 B) . The indistinguishable transmission phenotypes for these latter three alleles indicate that the altered synaptic function is attributable to a deficiency in VOL and not to the lethality associated with Vol 3 and Vol 4 mutants. Over the 0.15-0.25 mM concentration range, Vol 2 transmission displays normal dependence on external Ca 2ϩ , exhibiting a slope of 3.6 for the logarithmic relationship between EJC amplitude and Ca 2ϩ concentration, compared to a control slope of 3.7. By contrast, the other three Vol mutant alleles each display reduced slopes, ranging from 2.6 to 2.9, indicating similarly reduced Ca 2ϩ dependence of transmission (Fig. 4C) .
Altered amplitude and
To determine whether increased mutant EJC amplitudes result from greater number of postsynaptic glutamate receptors or from increased probability of quantal transmitter release, we recorded spontaneous mEJCs in control, Vol 3 , and Vol 4 larvae in 0.2 mM Ca 2ϩ . Control and mutant NMJs have indistinguishable mEJC variability and mean amplitudes, indicating mutant postsynaptic glutamate receptor density is not significantly altered (Fig. 4 D) . A Figure 2 . VOL is localized to synaptic boutons at the NMJ in wild-type third instar larvae. A, Confocal images at a type I NMJ (muscle 4) double-stained with antibodies against VOL (top, green) and the primarily postsynaptic Disks-large (DLG) protein (center, red), which is localized to all type I boutons. VOL immunostaining is weakly observed in nerve branches ( n), presynaptic axons ( a), and the synaptic terminal arbor. Arrows indicate two individual type I boutons. Bottom panel shows the green and red images merged. Scale bar, 10 m. B, Confocal images at a muscle 12 NMJ, which receives multiple (type I, II, and III) innervation, double-stained against VOL (top, green) and the presynaptic CSP protein (center, red). VOL immunostaining is strongly localized to multiple subtypes of synaptic boutons (arrows); insets show several VOL-positive boutons at threefold greater magnification. VOL staining colocalizes with CSP staining, suggesting VOL localization is primarily presynaptic. Bottom panel shows the green and red images merged. Scale bar, 10 m. C, Conventional (top and center) and confocal images (bottom) of variable VOL immunostaining at NMJs. Strong VOL localization is observed in a small subset of boutons at each terminal. Scale bars, 10 m in each panel. Figs. 1A , 2B,C) was scored as positive. Columns 3 and 4 list percentages of larvae with VOL-immunpositive (VOL(ϩ)) synaptic boutons in the CNS or at NMJs, respectively. Columns 5 and 6 list the total number of hemisegments examined, and the overall percentage of VOL(ϩ) NMJs of all the NMJs scored in each age group, respectively. Column 7 lists the frequency of VOL(ϩ) expression at three specific NMJs; muscles 6/7 and 12/13 were scored as single units. All other classes of NMJs not shown had 2%-5% frequency of VOL(ϩ) expression.
modest but significant increase in mEJC frequency is observed in Vol 4 mutants (63% over control; p Ͻ 0.05 vs control; ANOVA and multiple comparisons test; Fig. 4 D) . This increase could be attributed to the increased number of synaptic boutons at mutant NMJs; however, mEJC frequency is not altered in Vol 3 mutants, although they display the same increase in bouton number. Despite this slight allelic difference, mutant NMJs exhibit no changes in mEJC amplitude or frequency sufficient to account for the threefold to fourfold increase in evoked EJC amplitude under the same recording condition. We therefore conclude that VOL specifically regulates Ca 2ϩ -dependent, evoked neurotransmitter release processes.
Loss of functional plasticity at Volado mutant synapses
To assess the role of VOL in synaptic modulation processes, we next examined several forms of Ca 2ϩ -and activity-dependent plasticity previously shown to be altered in other Drosophila learning/memory mutants (Zhong and Wu, 1991; Wang et al., 1994; Broadie et al., 1997; Rohrbough et al., 1999) . Volado mutant NMJs display significant defects in two forms of short-term facilitation, paired-pulse facilitation (PPF) and frequency-dependent shortterm facilitation (STF), measured in 0.2 mM Ca 2ϩ (Fig. 5) . At control NMJs, EJC amplitude is facilitated (PPF) by paired stimuli at 20 -100 msec intervals, with approximately twofold PPF at 20 msec intervals (Fig. 5A ). For the Vol 2 allele, which has basal transmission properties most similar to control, PPF is essentially normal. Among the other three mutant strains, which all exhibit strongly elevated, or "prefacilitated" EJC amplitudes in 0.2 mM Ca 2ϩ , PPF in Vol 1 animals is reduced by ϳ35% at the briefest interval (20 msec), and more severely reduced (by 50 -60%) for the Vol 3 and Vol 4 alleles at 20 -30 msec intervals (Fig. 5A) . Pairedpulse depression, which was never observed in controls, also occurred in several Vol 3 and Vol 4 animals (data not shown).
Control EJC amplitudes undergo rapid and reversible frequencydependent STF by as much as threefold to fourfold over initial basal amplitude, in response to short stimulus trains at 2-20 Hz (Fig. 5B) . Mutant STF is nearly normal in Vol 2 larvae, but is significantly (40 -50%) reduced at all stimulation frequencies in Vol 1 larvae. The lethal Vol alleles exhibit severely (Ͼ65%) reduced STF relative to control levels. STF defects are particularly severe in many Vol 4 larvae. In 9 of 17 Vol 4 animals, facilitation was either absent, or strikingly, gave way to depression during 10 -20 Hz stimulus trains (Fig. 5B, bottom traces) . Basal transmission amplitudes, PPF, and STF were also indistinguishable from yw animals in ry control larvae (Figs. 3B, 4) , ruling out any functional abnormality associated with the ry chromosome present in Vol 1 and Vol 2 mutants (Grotewiel et al., 1998 ; see Materials and Methods). These results indicate that VOL is required for normal short-term, Ca 2ϩ -dependent synaptic facilitation processes.
During more prolonged stimulation at intermediate frequencies (5-10 Hz), the Drosophila NMJ displays sustained augmentation of transmission amplitude and PTP after tetanic stimuli. Control NMJs display greater than twofold augmentation after 60 sec stimulation at 5 Hz and sustained PTP of 60 -65% over initial EJC amplitude for Ͼ5 min (0.2 mM Ca 2ϩ ; Fig. 6 ). The Volado mutant alleles display impaired augmentation and PTP paralleling the severity of STF defects described above. The Vol 1 allele, which has an intermediate severity of impaired STF, displays reduced augmentation to ϳ75% over initial amplitudes and PTP reduced to 70 -75% of control strength (Fig. 6 B) . The Vol 2 allele, which has essentially normal STF, also displays strong average augmentation that peaks near control levels. However, Vol 2 transmission amplitude decreases dramatically immediately after the tetanus, exhibiting only ϳ40% initial and ϳ30% sustained PTP, respectively; levels even more severely reduced than for Vol 1 animals (Fig. 6 B) . The Vol 3 and Vol 4 alleles display severely reduced relative augmentation and PTP compared to control larvae. Vol 3 NMJs on average display only weak augmentation, which increases gradually to ϳ25% over initial amplitude; initial and sustained components of PTP are reduced to 25 and 18% over initial amplitude, respectively. At Vol 4 NMJs, tetanic stimulation typically produces an initial depression that gradually recovers to weak (ϳ15%) augmentation, followed by strongly reduced (ϳ15% over initial amplitudes) average levels of PTP (Fig. 6 A,B) .
Because Vol mutant plasticity defects are observed in conjunction with abnormally elevated basal EJC amplitudes, we repeated PTP recordings from Vol 4 larvae in 0.15 mM external Ca 2ϩ , at which Vol 4 basal EJC amplitude (8.5 Ϯ 5.7 nA, mean Ϯ SD; n ϭ 15) does not differ significantly from the control amplitude in 0.2 mM Ca 2ϩ ( p Ͼ 0.10; Mann-Whitney U test). Vol 4 augmentation under this condition (Fig. 6 B, hatched . Thus, sustained PTP under these conditions remains impaired at the mutant NMJ.
Expression of Volado transgene in lethal Vol mutant larvae rescues transmission defects
To provide direct evidence that VOL has a specific role in synaptic transmission and plasticity mechanisms, we attempted to rescue mutant transmission and plasticity defects by driving conditional expression of the Vol-s transcript with a heat-shock promoter (hsp70) (Grotewiel et al., 1998) shocked controls ( yw ϩHS; 9.4 Ϯ 1.0 nA; n ϭ 6) (Fig. 7A) . Frequency-dependent STF in heat-shocked Vol 4 -T3 larvae is dramatically improved and rescued essentially to untreated control levels (Fig. 7B) . Likewise, in heat-shocked Vol 4 -T3 larvae both augmentation to prolonged 5 Hz stimulation and PTP are dramatically strengthened compared to Vol 4 mutants and rescued to levels comparable to those observed in heat-shocked controls. These results demonstrate that all of the functional transmission defects observed in lethal Vol mutants, including synaptic plasticity defects, can be strongly rescued through transgenic expression of the normal VOL protein.
Replication of Volado mutant transmission phenotype with an RGD integrin inhibitory peptide
Integrin-ligand interactions formed over a comparatively brief period of ϳ20 min have been implicated in long-term changes in synaptic efficacy (Staubli et al., 1998) . Because the altered synaptic transmission amplitudes and impaired plasticity in Volado mutants are manifested after constitutively reducing or eliminating developmental VOL expression, we asked whether acutely inhibiting integrin function at the Drosophila NMJ results in altered transmission resembling the Volado mutant transmission phenotypes.
Control yw larval preparations were incubated for 20 min in 0.2 mM Ca 2ϩ saline containing the GRGDSP peptide (RGD; 0.2 mM), which interferes with integrin binding to ECM ligands containing the RGD consensus sequence, or a noninhibitory GRADSP control peptide (RAD; 0.2 mM) Grinnell, 1995, 1997; Bahr et al., 1997; Stark et al., 1997; Staubli et al., 1998; Graner et al., 1998; Baneres et al., 1998) . We subsequently recorded EJCs in 0.2 mM Ca 2ϩ in the continued presence of either RGD or RAD peptide, at exposure times ranging from 20 to 90 min (Fig. 7) . RAD-treated controls show no effect and have stable EJC amplitudes (7.7 Ϯ 2.4 nA overall, mean Ϯ SD; n ϭ 15) for Ͼ1 hr. In contrast, RGD-treated larvae have elevated EJC amplitudes at initial recording time points (13.1 Ϯ 8.8 nA, 20 -25 min; n ϭ 7), and exhibit a further time-dependent increase in EJC amplitude by more than twofold (Fig. 7A,B) . Although NMJs were continuously stimulated at low basal frequencies (0.2-0.5 Hz), there appeared to be a synergistic effect of combined activity and RGD exposure on transmission. EJC amplitudes after 20 -30 min recording in RGD were typically greater than those recorded initially in experiments begun at later exposure times (Fig. 7B) . Transmission amplitudes after 30 -60 min RGD exposure are comparable (20 -40 nA) to those recorded in untreated Vol 3 and Vol 4 mutant larvae, and are twofold to threefold larger than for RAD controls at exposure times Ն30 min (p Ͻ 0.05; Fig. 7C ). In addition, after prolonged RGD exposure relative STF in response to 10 -20 Hz (Fig. 7A,  bottom traces) or paired pulse stimuli (data not shown) is significantly reduced compared to RAD-treated controls, an effect resembling Volado mutant short-term plasticity defects.
Vol 4 mutants exposed to 0.2 mM RGD have initial EJC amplitudes after 20 -25 min exposure (17.6 Ϯ 4.0 nA, mean Ϯ SD; n ϭ 4) comparable to those recorded from untreated Vol 4 larvae (20.7 Ϯ 10.8 nA; n ϭ 28) in 0.2 mM Ca 2ϩ (Fig. 8 B, C; compare to Fig. 4 B) . Vol 4 EJC amplitude also increases significantly over the course of Ͼ1 hr total RGD exposure (30.8 Ϯ 11.1 nA, Ͼ60 min, n ϭ 4 vs amplitude at 20 -25 min, p Ͻ 0.02, Mann-Whitney U test); however, the relative transmission increase (75%) is less than observed for RGD-treated yw larvae over a similar time period. The RGD-dependent transmission changes at normal NMJs strongly support a role for synaptic integrins, including VOL, in the modulation of transmission efficacy.
DISCUSSION
Integrins have only recently been shown to be localized to adult learning centers, including the mammalian hippocampus and Drosophila mushroom bodies (Einheber et al., 1996 ; Grotewiel et al., (average, 11-20) . STF at each frequency was defined as the average amplitude of responses 11-20, normalized to mean EJC amplitude at the basal stimulation frequency (0.5 Hz). Stimulus trains were separated by 10 -20 sec rest. EJC amplitude rapidly facilitates by several-fold at control yw or ry NMJs ( yw, top 1998; Pinkstaff et al., 1999) . In the hippocampus, inhibiting integrin binding to ligands containing the consensus Arg-Gly-Asp sequence within ϳ20 min of LTP induction blocks the subsequent consolidation of LTP (Staubli et al., 1998) . This time period (ϳ20 min) is similar to that during which both LTP and early memories are easily disrupted (Staubli et al., 1998) and to the early component of memory (3-15 min) specifically affected in Volado mutants (Grotewiel et al., 1998) , suggesting that integrin activation and signaling act over a course of a few minutes to stabilize these processes. The rescue of mutant STM defects by transgenic Volado expression 3 hr before training demonstrates that the presence of VOL during an interval including the learning period is sufficient for normal memory formation (Grotewiel et al., 1998) . The memory requirement of Volado prompted us to examine its synaptic role, particularly in functional modulation processes related to those thought to underlie learning and memory. Our results complement these recent cellular and behavioral studies and demonstrate a role for the VOL ␣-integrin in regulating synaptic morphology, functional transmission, and activity-dependent plasticity.
Volado synaptic expression and localization
VOL protein is present at low levels throughout most larval synaptic terminals in fixed preparations. In contrast, staining is strongly localized to a limited and variable subpopulation of central and peripheral synapses. Localized punctate VOL expression is present extensively in the CNS neuropil, contained within the broader expression domains of the constitutive presynaptic proteins Synaptotagmin (Syt) and Synaptobrevin (Syb). When transgenically expressed in a neuronal subset [using the gal4 (4G) driver], Syt-GFP and Syb-GFP are observed to be concentrated in extensive puncta and varicosities resembling VOL-localized expression, strongly supporting the conclusion that VOL is indeed concentrated at central synaptic boutons. Likewise, at the NMJ localized VOL expression is observed at all classes of terminals and at all morphological classes of synaptic boutons. Thus, VOL is clearly expressed in a variable population of central and peripheral synaptic boutons.
There are several alternative ways to interpret the intriguing and unusual pattern of synaptic VOL expression. First, VOL may be present only transiently, may be restricted to an extremely limited population of synapses, or both. However, the significant morphological and functional phenotypes exhibited at mutant NMJs are inconsistent with VOL functioning only at a limited subset of boutons or synapses. A second hypothesis that is consistent with the morphological and physiological data is that VOL is expressed at most or all NMJs, but it is concentrated at detectable levels at a subset of terminals and in a variable number of boutons at a given ( 2), and ϳ100 sec after tetanus ( 3) (arrows). Calibration: 10 nA, 30 sec (continuous traces), and 85 msec (EJCs). B, Synaptic augmentation and PTP, normalized to mean initial EJC amplitude for each larva, are summarized for yw control (solid circles), viable Vol (shaded symbols), and lethal Vol mutant genotypes (open symbols). Each point plots the mean normalized amplitude for 20 consecutive EJCs during the tetanus period (hatched bar) and for 10 consecutive EJCs after tetanus. Control NMJs exhibit rapid initial facilitation, followed by a gradual augmentation of EJC amplitude throughout the 1 min tetanus. In control larvae, potentiation of 66% over pretetanus amplitude is observed during the initial minute after tetanus (0 -1Ј) and is sustained throughout the 5 min post-tetanus period (61%, 0 -5Ј; see legend to right of plot). PTP for Vol 1 and Vol 2 alleles is reduced to 50 -70% of control levels. Both Vol 3 and Vol 4 alleles exhibit strongly reduced augmentation and PTP, particularly the Vol 4 allele, which sometimes undergoes depression during tetanic stimulation (note bottom trace in A) and exhibits overall PTP of only 14%. Rapid facilitation and augmentation is dramatically increased in Vol 4 larvae by further reduction of external Ca 2ϩ to 0.15 mM (hatched diamonds), and initial PTP is restored to the level exhibited by control larvae in 0.2 mM Ca 2ϩ ; however, the late component of Vol 4 PTP (3-5 min) remains decreased relative to control levels. n Ն 9 larvae for each genotype.
time. One possibility is that VOL is transiently concentrated to distinct boutons in response to an inducing signal. Although we currently have no direct evidence for such dynamic relocalization, it is consistent with previous integrin studies and all of the data presented in this study. A third possibility, which we cannot presently exclude, is that an unknown mechanism that causes epitope modification or masking of the antibody recognition site creates variability in the level of VOL immunostaining. The more extensive localization of the protein to the central neuropil likely reflects the high density of synaptic connections in this region or differences in the dynamic regulation of localized expression by activity or other mechanisms. However, the observation of VOL expression in variable subsets of synaptic boutons is consistent in both central and peripheral synaptic terminals.
Volado regulates morphological growth, functional transmission, and activity-dependent plasticity at the NMJ Vol mutant NMJs exhibit moderate but significant overgrowth at multiple terminal types, suggesting VOL has a broad developmental role in limiting morphological synaptic growth. The altered evoked transmission amplitudes and defective plasticity properties in Vol mutants, however, indicate that VOL has an additional functional role regulating synaptic transmission and activitydependent synaptic modulation. The severity of transmission phenotypes among both viable and lethal mutant (Vol 1 , Vol 3 , Vol 4 ) animals again strongly suggests that VOL directly regulates function throughout the synapse, or alternatively, is able to indirectly influence the function of a broader area via some signal transduction pathway.
Both viable (Vol 1 ) and lethal Vol mutant alleles (Vol 3 , Vol 4 ) display abnormally elevated evoked transmission amplitudes, altered Ca 2ϩ dependence of transmission, and severe defects in short-term plasticity at the NMJ. In the viable Vol 2 memory mutant, basal transmission amplitude and short-term plasticity are essentially normal. However, all alleles, including Vol 2 , display significantly reduced PTP, indicating that mutant plasticity defects do not result simply from elevated basal transmission levels. It should be stated clearly that these forms of synaptic plasticity at the NMJ, although highly conserved at central synapses, cannot be directly correlated to particular phases of behavioral learning or memory. The Vol mutant defects are consistent, however, with an inability to rapidly modulate transmission in response to increased presynaptic activity and to maintain changes in transmission strength in the absence of maintained input, plasticity properties that are likely to be relevant for memory formation.
Conditional expression of the Vol-s isoform in the lethal Vol 4 allele dramatically rescues transmission amplitude, STF, augmentation, and PTP to levels near or equal to those at control NMJs. Similar results were obtained by driving VOL expression over most of larval development, or over ϳ36 hr in late larval stages. The subtle differences in the completeness of rescue of individual transmission properties may indicate different sensitivities to the timing and level of VOL expression relative to normal, or different functions for the Vol-l and Vol-s isoforms. These results strongly support a direct role for VOL in synaptic transmission and plasticity mechanisms. Whereas the pharmacological perturbation with the RGD integrin inhibitory peptide lacks the specificity of the Volado genetic knock-out and transgenic rescue approach, it offers the only available means of assessing the consequence of acutely disrupting normal synaptic integrin function. At wild-type NMJs, exposure to RGD rapidly (within 30 -60 min) leads to increased transmission amplitude and loss of presynaptic short-term facilitation. The similarity of the RGD-dependent modulation of transmission to the Vol mutant phenotype suggests VOL may mediate this rapid modulation. Consistent with this possibility, the ␣VOL sequence includes three consensus extracellular Ca 2ϩ -binding domains (Grotewiel et al., 1998) conserved in integrin RGD receptors (Baneres et al., 1998) . However, the ligand interactions of VOL are not yet characterized. Our results also indicate that the RGDdependent modulation may be mediated in part by other synaptic integrins. The most likely such candidate is ␣PS2/␤PS, which is abundantly localized to type I boutons at the NMJ (Beumer et al., 1999) and has been shown to mediate RGD-dependent cell adhesion in vitro (Graner et al., 1998) . These results primarily demonstrate that acutely altering synaptic integrin function in Drosophila, as in vertebrates Grinnell, 1995, 1997; Staubli et al., 1998) , can rapidly and dramatically modulate transmission efficacy.
